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I. Pathogenesis of Salmonella Infections 
The genus Salmonella includes many species of bacteria, all of 
which are pathogenic for man or animals, and often for both. Salmonella 
typhosa, the etiologic agent of typhoid fever, is pathogenic for man only. 
When these organisms invade the body, the most characteristic lesion 
produced is a systemic ,reticuloendothelial hyperplasia. The predominant 
cell of reaction is the macrophage. 
A classical description of histological changes induced by typhoid 
fever was given by Mallory in 1898 (39). He described the lesions produced 
by the causative organism in the intestine, lymphatics, blood vessels, 
lymph nodes, spleen, liver, and other organs. His most consistent finding 
was a proliferation of "endothelial" cells produced in response to a toxin 
associated with the organism. He described the newly formed cells as 
"epithelioid in character with irregular, lightly staining, eccentrically 
situated nuclei, abundant, sharply defined, acidophilic protoplasm, and 
characterized by marked phagocytic properties •11 These phagocytic cells 
were found most abundantly in the lymphatic and blood vessels draining 
the intestinal tract, but were discovered also throughout the general 
blood and lymphatic circulation. Swelling of lymphatic organs, ~., 
lymph nodes and spleen, was caused almost entirely by the formation and 
proliferation of phagocytic cells. Focal collections of these cells also 
occurred in other organs, ~·, heart and kidney. 
Other salmonella infections in man are also characterized by 
local and systemic proliferation of macrophages. Lymphocytes and plasma 
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cells may be seen at reaction sites as well, but there is a noticeable 
lack of neutrophil leukocytes. 
The macrophage system is also involved in salmonella infections 
of animals. Large numbers of Salmonella typhimurium were found by Orsk:Pv 
et al. (49) in the mesenteric lymph nodes, livers and spleens of mice 
shortly after they were fed this organism. Other salmonellas were isolated 
by various investigators {11, 52) from these same organs soon after the 
bacteria were injected 11 intraperitoneally11 into animals. They were found 
to persist in the spleen even weeks or months after experimental infection. 
II. The Macrophage or Reticuloendothelial System 
The importance of phagocytic cells in an animalls defense against 
infection was first recognized by Metchnikoff (46). While observing the 
crustacean, Daphnia, he noticed a mobilization of its ameboid cells in 
response to invasion by spores of Blastomycetes. Survival of the crustacean 
was dependent upon the ability of the ameboid cells to ingest and destroy 
this fungus. In the connective tissue of higher animals, Metchnikoff 
found similar reactive cells which he termed macrophages. He attributed 
a primary role in immunity against infective diseases to the ingestion 
and destruction of microorganisms by the macrophages. He included with 
these the microphages (neutrophils) of blood and exudates. 
Ranvier (54), in 1890, gave the first histological description 
of macrophages found in the omentum of animals. He named these cells 
11 clasmatocytes". Later, they were named "adventitial cells" by Marchand 
(40) and "resting wandering cells" by Maximow (41) who found them widely 
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distributed throughout irregularly arranged connective tissue in mammals. 
The same phagocytic cells have also been referred to as 11 histiocytes 11 
by Ki.yono (32), and are frequently called 11monocytes11 by present day 
investigators (4, 17, 27). The monocyte, however, is generally believed 
to be a precursor of the macrophage. In this presentation, these cells 
will be referred to as macrophages and mononuclear phagocytes. 
The widespread occurrence of macrophages in organs throughout 
the body led Aschoff (1) to group them together under the name reticulo-
endothelial system (RES). The basis for classification in this system 
was vital staining with certain colloidal dyes. The reticuloendothelial 
system is composed of macrophages of the loose connective tissue; the 
phagocytic reticular cells of the lymphatic tissue, myeloid tissue, and 
spleen; the cells lining the sinusoids of the liver, adrenal, and 
hypophysis; and certain perivascular cells. 
Although, as indicated by Metchnikoff, macrophages play an 
important role in helping the body combat infectious agents, they may 
also phagocytize worn out red blood cells, platelets, and debris resulting 
from normal physiologic processes. 
III. In Vitro Cultivation of Macrophages 
In an effort to study the origin, metabolism, and functions of 
macrophages, many workers have attempted to cultivate these cells in vitro. 
Maximow (42) gave an extensive description of the behavior of lymphatic 
tissue in cell culture. He studied adult rabbit lymph nodes cultivated 
in plasma alone, or with bone marrow or embryonic extract. He observed, 
after a few hours, that many stromal reticular cells became phagocytic 
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and many detached from the syncytium and turned into free macrophages. 
He also noticed that lymphocytes inside the explant transformed, in some 
cases, into cells morphologically similar to large and small mononuclear 
exudate cells, polyblasts, found in inflamed tissues. 
Carrel and Ebeling (12), in 1922, obtained pure cultures of 
mononuclear leukocytes from the buff.y coat of chicken blood. They grew 
these cells in a medium supplemented with embryonic tissue juice. Because 
~phocytes from the buff.y coat disappeared after the first week, they 
believed these cells had transformed into the mononuclear leukocytes 
observed in the cultures. After three months, some had changed into cells 
resembling fibroblasts. 
Bloom (7), in 1926, observed the transition of lymphocytes obtained 
from the thoracic duct into macrophages. These were cultivated in embryonic 
extract. Within seven hours the cells began to increase in size, and 
after 20 hours, the cultures contained many large, ameboid cells which 
could not be differentiated from mononuclear exudate cells. 
Similar transformation of ~phocytes into macrophages was noticed 
by Maximow (43). He found that whereas many ~phocytes obtained from the 
buff.y coat of guinea pig blood remained unchanged, or degenerated in a 
plasma clot, others became typical macrophages within from six to eight 
hours. After six days in culture, however, large colonies of fibroblasts 
developed from these cells. They were indistinguishable from fibroblasts 
grown from regular connective tissue. 
A method of cultivation deemed useful for studying the metabolism 
of these cells was developed by Baker (3). She was able to cultivate 
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mononuclear phagocytic cells from the blood and spleen of animals in a 
medium consisting of diluted serum. If the pH of the cultures was care-
fully controlled, the cells remained in excellent condition and proliferated 
rapidly for at least two months. 
A common source of macrophages for cultures is the peritoneal 
cavity of animals. Large numbers of these cells may be obtained relatively 
free of other cell types, especially if a chemotactic agent is injected 
into the animal several days before the cells are to be harvested. The 
most commonly used chemotactic agent is glycogen (27, 51), but mineral 
oils (10, 31), and sodium caseinate (24) have also been employed. In some 
animals, a sufficient yield of cells can be obtained without previous 
stimulation. This is perhaps preferable, for Elberg et al. (16) claim 
that the outcome of infection studies can be affected by the nature of 
the irritant used to produce the phagocytic cells. Once the macrophages 
are obtained, they are usually suspended in a liquid medium and dispensed 
in known amounts in tubes or flasks. Because these cells attach themselves 
to the surfaces of the vessels, they are easily observed. In most cases, 
cell preparations are utilized before there is a chance for multiplication 
to occur. Proliferation of the cells after several days, however, has 
been reported by some investigators (61). 
Numerous variations of this latter technic have been used to 
study the role of macrophages in natural and acquired immunity to infec-
tious disease. The exact methods employed are almost as varied as the 
results obtained. A more detailed description of the procedures employed 
by the different investigators is given in the following review of their 
research. 
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IV. Interactions Between Macrophages and Bacteria 
The investigation of the fate of organisms which are normally 
intracellular parasites has interested workers for many years. Among the 
first of these was Lurie (35) who in 1942 observed the growth of 
Mycobacterium tuberculosis in macrophages isolated from normal and immune 
rabbits. He allowed human and bovine strains of the tubercle bacillus to 
be phagocytized !n vivo by these cells. After two days, pieces of lymph 
node or bone marrow were removed from the rabbits and transplanted to the 
anterior eye chamber of normal rabbits. Histologic and cultural studies 
performed on the transplants at this time showed that both strains of 
the organism were phagocytized by the mononuclear cells of normal and 
immune rabbits. However, bone marrow cells of immune animals phagocytized 
more efficiently. This was consistent with his previous finding (34) 
that mononuclear cells from tuberculous animals have a greater phagocytic 
capacity for tubercle bacilli than cells from normal animals. Studies of 
the transplants performed after ten to 14 days demonstrated that growth 
of the organisms had occurred in cells obtained from normal rabbits. The 
bacilli were long, deeply stained and in the form of packets or parallel 
rods. In contrast, organisms which had been ingested by cells obtained 
from immune animals grew from two to ten times less abundantly, and were 
short, faintly stained and often beaded. From these results, he concluded 
that mononuclear cells of immune rabbits have the power to inhibit bacterial 
multiplication. 
In order to exclude the role of immune serum in this phenomenon, 
he allowed macrophages obtained from nomal and immune rabbits to phagocytize 
organisms in ~ in the presence of either normal or immune serum. A 
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pleural exudate induced by a 30 per cent acacia solution was the source of 
these cells. Following phagocytosis, the cells were implanted in the 
anterior eye chambers of normal rabbits. The change in number of organisms 
was determined culturally after 14 to 20 days. It was found that cells 
from immune animals which had ingested tubercle bacilli in the presence 
of immune serum restricted the growth of this organism to a much greater 
extent than cells from normal animals which had phagocytized the organisms 
in the same serum. • "Immune" cells also demonstrated a greater bacterio-
static effect than normal cells when both had ingested tubercle bacilli 
in the presence of normal serum. It appeared, therefore, that the bacterio-
static effect is an inherent property of "immune" cells and independent 
of the immune body fluids in which they grow. 
The intracellular behavior of the tubercle bacillus was also 
studied by Suter (61), but all events were observed in vitro. Macrophages 
were obtained from the peritoneal cavities of guinea pigs and rabbits 
which had been previously stimulated with glycogen. The cells were allowed 
to settle on small glass cover slips, and were then infected with virulent, 
attenuated, or avirulent strains of ~. tuberculosis. Growth was recorded 
by classifying in groups from one to greater than ten, the number of 
bacteria counted in 100 phagocytes on stained cover slips. In this way 
he observed that the number of virulent and attenuated organisms located 
intracellularly increased at similar rates over a period of seven days, 
with eventual damage to the host cells. Avirulent strains, however, did 
* Macrophages obtained from immunized mice are referred to as "immune" 
cells throughout this presentation. 
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not increase in number. The ability to multiply in susceptible cells, 
therefore, appeared to be a factor affecting virulence of this organism. 
In a continuation of these studies, Suter (62) used both normal 
and BCG-immunized animals as the source of macrophages. The macrophages 
were infected with both virulent and attenuated strains of the tubercle 
bacillus in the presence of either normal or immune serum. Unlike Lurie, 
Suter found no increased ability of the cells from immunized animals to 
phagocytize tubercle bacilli. However, the growth of both virulent and 
attenuated strains of this organism was inhibited by macrophages obtained 
from BCG-vaccinated animals. No inhibition of multiplication was observed 
in cells obtained from normal animals. This cellular effect was found to 
be independent of the serum used in the cultures, as immune serum did not 
inhibit multiplication of tubercle bacilli in normal macrophages. 
Experiments similar to those of Suter were conducted by Mackaness 
{38) who obtained macrophages from oil-induced exudates in the peritoneal 
cavity of rabbits. Bacterial growth was measured by counting approximately 
500 cells on stained cover slip preparations from every culture, and 
scoring each for its content of bacilli. When the cells were infected 
with strains of~· tuberculosis of varying virulence, it was found that 
the more attenuated the strain, the longer the lag period before the 
organism began to grow. Whereas cells infected with virulent strains 
were completely overgrown in nine days, relatively avirulent strains 
showed only a three-fold increase in number. It was suggested, therefore, 
that the virulence of the tubercle bacillus might be a function of its 
capacity to survive and multiply in an intracellular environment. 
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In contrast to the work of Lurie and Suter, however, further 
experiments performed by Mackaness (37) failed to reveal any anti-
tuberculous activity in macrophages obtained from rabbits vaccinated with 
virulent or attenuated strains of M· tuberculosis. All strains of the 
organism which were tested had similar lag periods and growth rates in 
cells obtained from both normal and immune animals. In fact, cultures 
containing "immune" macrophages invariably died sooner than those prepared 
from normal animals. This was considered a possible reflection of the 
hypersensitive state of the animal. 
Fong and co-workers (15, 17-19) also conducted a series of 
investigations concerning the tubercle bacillus--monocyte relationship. 
They prepared cultures with cells obtained from non-immune and immune 
rabbits which had been previously stimulated with Klearol. Activity in 
the cultures was followed for three days by means of counts of intra-
cellular bacteria on stained cover slip preparations, and viable counts 
of bacteria released from the cells by saponin. It was found again that 
the destruction of normal monocytes cultivated in normal serum was depen-
dent upon the virulence of the organism. Virulent strains were most 
active in this respect, whereas attenuated strains were less active. 
Avirulent bacilli failed to induce cellular degeneration. Virulent 
strains of M· tuberculosis also caused degeneration of cells obtained 
from immune animals if grown in normal serum. In the presence of immune 
serum, however, no degeneration occurred. The protection by serum of 
the necrotizing effect of the organism was seemingly non-specific for 
it was present in the sera of animals immunized with salmonellae, 
brucellae, and ovalbumin as well as BCG. However, since immune sera did 
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not protect normal cells from the lethal effects of virulent tubercle 
bacilli, an involvement of lli.mmunell cells in this resistance was indicated. 
As was the case with immune sera, the cellular effect was not completely 
specific, for cells obtained from animals immunized against Brucella 
melitensis also inhibited the growth of~. tuberculosis in the presence 
of immune sera. The conclusion reached by these investigators was that 
both serum and cellular factors were necessary for effective resistance 
to the tubercle bacillus, but that this system was 11 subject to a number 
of permutations 11 • 
Further studies in this area were conducted by Berthrong and 
Hamilton (4). The source of their macrophages was a peritoneal exudate 
induced in guinea pigs with mineral oil. They established an index of 
proliferation of the bacteria by counting the number of bacilli in 100 
cells on stained cover slip preparations, and the number of cells with 
intracellular cords or solid masses of bacteria per low power field. 
Their preliminary experiments again showed that the ability of~. 
tuberculosis to grow intracellularly was directly related to its virulence. 
When macrophages obtained from immune animals were infected with virulent 
tubercle bacilli (5), no difference was detected in the rate of phago-
cytosis as compared to normal cells. Monocytes from immune animals, 
however, apparently had the ability to restrict the multiplication of 
virulent bacilli. This was not a complete immunity, but a resistance 
relative to control cells. 
The intracellular fate of brucellae has not been so widely 
investigated as that of~. tuberculosis, and the literature on this 
subject is less controversial. Pomales-Lebron and Stinebring (51) 
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were among the first to study the role of macrophages in resistance to 
infection by this organism. They obtained cells from the peritoneal 
fluid of "normal" * and immune guinea pigs which had been previously 
stimulated with glycogen. Cultures of these cells were observed for 
three days following infection with virulent Brucella abortus. Changes 
in the number of organisms were determined by counting the bacilli in 50 
stained cells on cover slip preparations, and performing viable plate 
counts of intracellular organisms. Brucellae were observed to multiply 
extensively in the cells from non.immunized guinea pigs, but their growth 
was inhibited in cells obtained from immune animals. 
Further work by Braun, Pomales-Lebron, and Stinebring (10) with 
Br. abortus strains of different virulence showed that avirulent (R) 
strains were phagocytized more rapidly than virulent (S) strains by 
11 normal" guinea pig macrophages. Although little increase in intracellular 
growth of the R strains could be observed, cells containing these organisms 
always ruptured sooner than cells containing S organisms. These authors 
postulated that some minimum number of bacteria per cell was necessary 
for cellular disruption to occur, and that this was attained rapidly 
by early ingestion of large numbers of the R strain. Because only a 
few S organisms were phagocytized, a longer period of time was necessary 
for the required intracellular multiplication to occur. In contrast, 
immune animals infected with S and R strains were able to phagocytize 
both types of organism quickly, and rapid bacterial destruction followed. 
* ~n-immunized animals which have been injected with a chemotactic 
agent are referred to as 11normal11 animals throughout this presentation. 
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The ability of brucellae to establish infection and proliferate 
in cultures of macrophages from normal guinea pigs was also observed by 
Freeman and Vana (20). They noted no consistent correlation between 
virulence and growth rate. They made the interesting observation, however, 
that there was no lag period in the intracellular growth of the organisms. 
Multiplication at an exponential rate began immediately after ingestion. 
An explanation for this fact was that the phagocytes provided an environ-
ment rich in readily available nutrients. 
The role pl~ed by macrophages in immunity to brucella infections 
was investigated in detail by Holland and Pickett (27). They prepared 
cultures of cells obtained from the peritoneal fluid of rats, mice, and 
guinea pigs after glycogen stimulus. The course of infection produced 
in the cultures after inoculation with Brucella suis, Brucella abortus, 
and Brucella melitensis was followed by microscopic and cultural procedures. 
Virulent strains of these organisms were found to multiply extensively 
in cells obtained from non-immunized animals for at least three d~s. 
At the end of this time, considerable cellular degeneration had occurred. 
In contrast, growth of the bacilli was markedly restricted in cells ob-
tained from immune animals. This effect was independent of immune serum 
factors, and occurred only in cells obtained from animals which had been 
immunized with living, smooth brucellae. Cellular resistance, i.e., 
the ability of cells to inhibit bacterial growth, was not produced in 
animals vaccinated with heat-killed or living, avirulent organisms. 
Confirmation of the !B ~ results was obtained by these authors from 
in vivo studies of brucellae survival in the spleens of normal and immune 
mice. 
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A naturally-occurring immunity of rat and rabbit macrophages 
against pathogenic Staphylococcus aureus was observed by Kapral and 
Shayegani (31). The source of their cells was a peritoneal exudate 
induced in normal animals by mineral oil. Large numbers of organisms 
were used to infect the cell cultures, and their intracellular activity 
was followed microscopically and culturally. Although the organisms were 
able to survive in rabbit cells for at least three days, no multiplication 
was observed. Rat cells were able to deal more effectively with the cocci, 
for large numbers were destroyed within eight to ten hours. Both types 
of cells, however, were able to cause destruction of non-pathogenic 
Staphylococcus albus when it was investigated in a similar manner. The 
occurrence of staphylococcal infections as a result of decreased natural 
"cellular resistance 11 was suggested by these investigators. 
Although in most instances macrophages have been credited with 
a positive role in immunity against infectious disease, they have also 
been implicated in a negative role in the pathogenesis of flea-borne 
plague by Cavanaugh and Randall (13). These authors obtained cells from 
the peritoneal cavities of mice and guinea pigs after stimulation with 
Bayol F. Virulent strains of the plague bacillus, Pasteurella pestis, 
are found to occur in three forms: a phagocytosis-sensitive, non-
encapsulated S-type; a phagocytosis-resistant, not visibly encapsulated 
R-type; and a phagocytosis-resistant, fully encapsulated M-type. When 
cultures of macrophages were infected with S-type organisms, the bacteria 
multiplied rapidly with subsequent cellular damage. Fluorescent antibody 
studies demonstrated that the organisms released from the cells were now 
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of the phagocytosis-resistant M-type. Since it had been determined that 
the bacilli transmitted by a plague-blocked flea are of the S-type, it 
was postulated that upon injection of these organisms into a susceptible 
host, large numbers would be ingested and destroyed by neutrophil leuko-
cytes. However, those which are phagocytized by macrophages may multiply, 
destroy the cells, and be released as phagocytosis-resistant M organisms. 
In this way, bubonic plague could be established in the host. 
Most investigations of reactions involving salmonella and 
phagocytic cells have considered differences in the treatment of virulent 
and avirulent organisms by normal cells. Furness (21) prepared cultures 
of macrophages obtained from the peritoneal cavities of previously un-
treated mice. These were allowed to phagocytize virulent and avirulent 
strains of ~- typhimurium for 90 minutes. At the end of this time and 
at intervals during the next 12 hours, viable counts of intracellular 
organisms were performed after lysing the cells with distilled water. 
Virulence of the organism was found to have no effect on the number of 
bacilli phagocytized, as similar numbers of each were ingested. Macro-
phages were observed to kill both virulent and avirulent organisms during 
the first three hours following phagocytosis. However, whereas the number 
of avirulent organisms remained at a decreased level throughout the 
experiment, the virulent organisms which survived were able to grow and 
eventually rupture the cells. Furness suggested that the virulence of 
a strain of Salmonella for a given host was dependent upon its ability 
to multiply within the mononuclear phagocytes. 
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Furness et al. (22) obtained further confirmation of this in 
similar studies performed with mouse, rat and guinea pig macrophages. 
Avirulent strains of ~. typhimurium, and strains of Salmonella paratyphi ~' 
which are non-pathogenic for these animals, were not able to multiply 
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within the cells. However, after an initial period during which large numbers 
of the organisms were destroyed, virulent strains of ~. typhimurium, which 
is a natural pathogen of these animals, were found to multiply extensively. 
A technic slightly different from that of most investigators was 
used by Whitby and Rowley (64) to determine the role of macrophages in 
the elimination of bacteria from the peritoneal cavity of mice. Appro-
priate numbers of organisms were injected into the peritoneal cavities 
of mice. At intervals, the cells therein were harvested and dispensed 
to culture flasks which contained cover slips. The number of viable 
intracellular bacteria was determined at intervals for 45 minutes by 
removing the cover slip and pushing it vigorously over the surface of an 
agar plate to disrupt the cells and release the organisms. 
Most of the organisms studied in the above manner required pre-
treatment with specific serum in order to be phagocytized to any appre-
ciable extent. Once ingested, however, they were rapidly destroyed in vivo 
and in vitro. This was especially true of virulent organisms; for although 
untreated virulent §. typhimurium bacilli were scarcely phagocytized by 
mouse macrophages, once they had been exposed to antiserum, they were 
phagocytized and removed at a rate almost indistinguishable from that 
of an avirulent strain. 
Mice immunized to a specific antigen were able to phagocytize 
and destroy large numbers of untreated organisms, presumably because of 
antibody present in the peritoneal fluid. Mice treated with bacterial 
lipopolysaccharides, however, behaved as specifically immune animals 
even though no serum antibody titers were demonstrable. 
Repetition of the above experiments employing 1g vitro infection, 
rather than in vivo, gave essentially similar results (55). Unless the 
organisms had been pre-treated with serum, they were scarcely phagocytized. 
Once ingested, however, both virulent and avirulent strains of bacteria 
were destroyed at similar rates. In this case, no differences in behavior 
were observed between the cells obtained from mice having a high degree 
of either specific or non-specific immunity. Because their experiments 
were conducted for short periods of time only, they could not determine 
if any subsequent growth of the virulent organisms occurred, as was 
observed by Furness. 
A more specific investigation of the role of antiserum in intra-
cellular parasitism was conducted by Gelzer and Suter {24). They obtained 
macrophages from the peritoneal cavities of rabbits which had previously 
received an 11 intraperitoneal11 * injection of sodium caseinate. Cultures 
of these cells were infected with a virulent strain of §. typhimurium in 
the presence and absence of antibody. The intracellular fate of the 
organisms was followed by microscopic examination of cells on stained 
cover slip preparations, and viaale counts of ingested organisms. In 
contrast to the observations of the preceding authors, antibody was found 
* Injections into the peritoneal cavity will be referred to as 
"intraperitoneal" injections throughout this presentation. 
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to have little or no effect on the numbers of organisms phagocytized. 
Differences, however, were observed in the rate of intracellular bacterial 
multiplication in each case. When antibody was present during phagocytosis, 
the bacteria multiplied very slowly and macrophages containing large 
numbers of bacilli survived for long periods of time. On the other hand, 
organisms ingested in the absence of antibody proliferated rapidly and 
ruptured most of the macrophages at a time when almost no damage had 
occurred in the companion cultures. Fluorescent antibody studies demon. 
strated that antibody entered the cell in combination with the bacteria. 
Its activity was found to be associated with the gamma globulin fraction 
of the serum, and it reacted specifically with the somatic antigen of 
~· typhimurium. The conclusion was drawn that this antibody protected 
the macrophages against the effects of intracellular organisms. A few 
experiments performed with the cells of actively immunized animals gave 
results identical to those obtained with normal cells. 
Using a technic similar to that described by Whitby and Rowley, 
Jenkin and Benacerraf (30) obtained similar results. Virulent §,. typhimurium 
organisms opsonized with specific antiserum were treated by the macro-
phages in the same manner as avirulent organisms. In both cases the 
bacilli were phagocytized and destroyed to a large extent. If, however, 
the virulent strain was treated with normal mouse plasma, the bacteria 
were not phagocytized so well, and many of the organisms were able to 
multiply intracellularly and kill the cells. Experiments employing 
plasma and cells from animals immunized with BCG showed that 11BCG cellsll 
were more efficient in phagocytizing and destroying virulent organisms 
opsonized with 11BCG plasma" than normal cells. They believed that 
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opsonization of organisms was not only important for phagocytosis of 
bacteria, but also for its effect on their intracellular survival. 
A report on the increased ability of macrophages from immunized 
animals to destroy virulent salmonellae was published recently by 
Mitsuhashi et al. (47). These investigators inoculated cultures of mouse 
macrophages with virulent and attenuated strains of Salmonella enteriditis, 
an organism which is pathogenic for this animal. By means of microscopic 
observation, they determined that the growth of attenuated organisms 
was inhibited by the cells of normal animals. The number of intracellular 
organisms decreased slowly and became constant after seven days of incu-
bation. In contrast, virulent strains of bacilli multiplied rapidly and 
killed most of the cells after three days. This was also true when 
specifically immune serum was added to the cultures. 
Cells obtained from mice which had been immunized with living 
bacilli, however, were able to inhibit the growth of virulent organisms 
whether antibody was present or not. This was not true of cells obtained 
from mice immunized with dead organisms, for they behaved like normal cells. 
V. Interactions Between Bacteria and Cells other thanMacrophages 
Several investigators have concerned themselves with studying 
the fate of bacteria in a variety of cells other than macrophages. For 
example, Furness (21) found that altered monkey kidney cells were able 
to phagocytize similar amounts of virulent and avirulent strains of 
§. typhimurium. However, whereas 90 per cent of the avirulent organisms 
were killed by these cells, no bactericidal effect for the virulent 
strain was observed. 
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Crawford and Fishel (14) were able to demonstrate growth of 
Bordetella pertussis in a variety or living epithelial cells including 
monkey kidney, HeLa, K8 and DMB strains. Although the organism failed 
to grow in nutrient medium alone, in medium containing monkey kidney 
extract or killed supporting cells it was able to grow and destroy 
infected tissue culture cells in several days. They postulated an 
intracellular stage in the course of infection by this organism, when 
it might not be susceptible to antibiotic therapy. 
Phagocytosis of microorganisms by HeLa cells has been the 
subject of extensive investigation by Shepard (56-59). He observed that 
the serum from a given species of animal used in culture media is impor-
tant for optimal phagocytosis of organisms by these cells. Different 
sera promote the uptake of different organisms. Once bacteria are 
within cells, their growth seems to be dependent upon a number of factors 
including their pathogenicity, their rate of growth on ordinary bacterio-
logical media, and the enrichment substances present in the tissue culture 
medium. 
typhoid Immunity and Purpose of Experimental Work 
An attack or typhoid fever usually confers a long-lasting 
immunity on the infected individual. Recovery is associated with the 
presence of agglutinins and bactericidal antibodies for §. typhosa. 
However, because these antibodies may be demonstrated during acute phases 
of the disease, and since circulating antibodies cannot completely account 
for neutralization or the toxic effects produced by the endotoxin or the 
organism, an increased capacity of phagocytic cells to destroy these 
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bacteria is probably an important factor in recovery from typhoid fever. 
In fact, the loss of typhoid antibodies after a period of several months 
in most instances, as well as the presence of antibody in typhoid carriers 
who harbor and excrete organisms were cited as evidence of a cellular 
basis for typhoid immunity by Gay in 1918 (23). Since carriers may 
occasionally become reinfected after many years, he felt this was a 
localized rather than generalized cellular immunity. The research 
whose results are presented here was undertaken to study the role of 
phagocytic cells in immunity to §. typhosa. 
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MATERIALS AND METHODS 
I. Organisms Used 
Two species of Salmonella were used during the course of this 
work. Salmonella typhosa, strain Ty2 was obtained through the courtesy 
of Dr. C. A. Stuart, Department of Biology, Brown University, Providence, 
Rhode Island; Salmonella typhosa, strain ~901, and Salmonella typhimurium, 
strains OH and 37 were received through the courtesy of Dr. S. B. Formal, 
Walter Reed Army Institute for Medical Research, Washington, D. C.; and 
Salmonella typhimurium, strains C5 and M206 were obtained through the 
courtesy of Dr. B. Benacerraf, New York University Medical Center, New 
York, New York. 
§. typhosa, strain Ty2, is a smooth, Vi antigen-producing strain 
which is virulent for humans; ~901, a smooth, non-Vi antigen-producing 
strain, is avirulent. These strains of §. typhosa will be referred to as 
Ty2 and ~901 throughout this presentation. ~- typhimurium, strains C5 
and 37, are mouse virulent strains; OH and M206 are avirulent. 
These organisms were maintained by monthly transfers in semi-
solid agar medium (0.35% agar, 1% tryptose, 3% beef extract). When needed 
for infecting cells, they were cultivated in trypticase soy broth {Difco). 
II. Animals Used 
Three strains of Swiss mice of mixed sexes were used for these 
studies. Preliminary work was conducted with the Harvard strain of mice 
obtained from Harvard Medical School, Boston, Mass. During the course of 
the experimental work, however, this strain of mouse became unavailable, 
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and it vas necessary to employ mice obtained from the Charles River 
Breeding Laboratories, Inc., North Wilmington, Massachusetts. The CF #1 
strain of mice from Carvorth Farms, Inc., Rockland County, New York vas 
also used. A.t the time of use, the mice weighed approximately 20 to 25 
grams. 
III. Immunization of Mice 
For use in experiments employing cells from immunized animals, 
mice received two 11 intraperitoneal" injections of 50 ug. of acetone-dried 
Ty2 given seven days apart. One week later, they received an injection 
of either glycogen or 10 ug. of Ty2. At the time of use, the mice were 
anesthetized lightly with chloroform and exsanguinated by decapitation. 
The blood from all the animals used in a given experiment vas pooled, and 
the titers of Vi and 0 antibodies in the serum were determined. 0 anti-
body vas detected in agglutination tests which employed a suspension of 
acetone-dried D-901 organisms as antigen. The Vi antibody titer vas 
determined by the method of Landy (JJ). 
IV'. Virulence of §.. typhimurium for Mice 
During the course of this work, the virulence for mice of the 
four strains of §.. typhimurium vas tested. From 3 to 5 mice were inoculated 
11 intraperitoneally11 with from 10 to 107 organisms. Dilutions of the 
bacteria were prepared in sterile 0.85% NaCl solution, and plate counts 
of the appropriate dilutions were made to estimate the number of bacteria 
inoculated. The animals were observed during a period of three weeks, 
and the number of deaths each day vas recorded. 
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V. Tissue Culture Medium 
The medium used for the cultivation of mouse macrophages consisted 
of Hanks solution, horse serum, and chick embryo extract. The Hanks solu-
tion was obtained from Cappel Laboratories, Westchester, Pennsylvania, as 
a lOK concentrated solution. It was diluted, when needed, with doubly 
distilled water. Chick embryo extract in desiccated form was also ob-
tained from Cappel Laboratories and hydrated for use with doubly distilled 
water. The Massachusetts Public Health Biologic Laboratories, Jamaica 
Plain, Massachusetts provided the horse serum. Streptomycin sulfate 
(Squibb) was added to the cultures in experiments which were continued 
over a period of several hours. Appropriate dilutions of this antibiotic 
were made in doubly distilled water. Except where indicated otherwise, 
the pH of solutions was adjusted with a 7.5% NaHC03 solution. 
In several experiments, immune serum and complement were used. 
The immune sera were obtained from rabbits which had been immunized over 
a period of three weeks with six intravenous injections of an acetone-
dried suspension of the appropriate organism. Antisera prepared against 
2· typhosa, strain Ty2 and 2· typhimurium, strain OH, were obtained 
through the courtesy of Dr. R. Whiteside, Boston University School of 
Medicine. The Ty2 antiserum (#44) had a Vi antibody titer of 1:1025, 
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as determined by the hemagglutination test, and an 0 antibody titer of 
1:2048. A second Ty2 antiserum (#115) was obtained from Dr. M. Truszczynski, 
Boston University School of Medicine. Its Vi antibody titer was 1:2000, 
and its 0 antibody titer was 1:1000. The final dilution of the serum 
in each culture was 1:100. 
A pool of fresh serum from three guinea pigs was used as the 
source of complement. Nine times the physiological amount {0.85%) of NaCl 
was added to it, and it was stored at -40°C. for not more than one month. 
When used, it was diluted 1:10 with distilled water and 0.1 ml. of a 
further 1:10 dilution was added to each culture. 
VI. Preparation of Cell Cultures 
To obtain cultures of mouse macrophages, two slightly different 
methods were used. 
A. Method I. Most of the macrophage cultures were prepared in 
the following way. Four to six days prior to use, the peri to neal cavities 
of 12 mice were injected with 2 ml. of a 0.02% glycogen solution. This 
stimulated the production of a peritoneal exudate rich in macrophages. 
Injection of 10 ug. of acetone-dried Ty2 produced a similar response and 
was used in several experiments in place of glycogen. 
At the appropriate time, the mice were killed with chloroform, 
and their abdomens swabbed with 2% tincture of iodine. Eight to 10 ml. 
of Hanks solution containing 5 u./ml. of heparin (Liquaemin sodium, 
Organon, Inc.) was then injected into the peritoneal cavity of each mouse 
by means of a 10-ml. syringe fitted with a 20-guage, 1 inch needle. After 
the abdomen had been massaged lightly for a few minutes, 6 to 7 ml. of 
the fluid containing the peritoneal cells were withdrawn, and placed in 
a 125 x 15 mm. screw-cap tube which had been previously treated with 
Beckman Desicote. Grossly bloody exudates were discarded. Ten to 12 
mice usually gave a sufficient yield of cells to prepare 16 macrophage 
cultures. The tubes were refrigerated at 6°C. until cells from all of 
the mice had been harvested. The preparations were then spun at 1000 r.p.m. 
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for from 6 to 7 minutes. The supernatant fluid was discarded; and the 
cells were pooled and washed twice with Hanks solution containing 10% 
horse serum. Following this, the cells were resuspended in llcomplete 11 
medium which consisted of 70 to 75% Hanks solution, 20 to 25% horse serum 
and 5% chick embryo extract. The amounts of the horse serum, which had 
an alkaline pH, and Hanks solution were varied within the limits mentioned 
above, so that the final pH of the solution was from 7.2 to 7.3. Two ml. 
of this cell suspension were placed in 16 x 150 mm. test tubes which were 
then corked with non-toxic, white, rubber stoppers. Each tube was also 
supplied with an 11 x 22 mm. cover slip (Bellco Glass, Inc., Vineland, 
New Jersey). The cultures were incubated overnight at 37°C. in a slanted 
position which allowed the macrophages to settle and attach themselves to 
the sides of the tubes and the sUDfaces of the cover slips. The number 
of cells in the tubes was determined by counting a portion of the final 
cell suspension in a hemacytometer with a double Levy counting chamber. 
Cultures from mice immunized with acetone-dried Ty2 organisms 
were prepared in the same manner, except that the cells were washed three 
times instead of two before being suspended in 11 complete11 medium. A Vi-
hemagglutination and a-agglutination test were performed on the last 
wash solution to ensure that no residual antibodies remained. 
B. Method II. This method, an adaptation of that employed by 
Jenkin and Benacerraf (30), was used in a few experiments only. 2.5 ml. 
of 11complete11 medium containing 5 u./ml. of heparin were injected into 
the peritoneal cavity of a mouse which had been stimulated previously 
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with glycogen as in Method I. After the abdomen had been massaged lightly 
for a few minutes, the skin over it was reflected, and 2 ml. of fluid 
were removed. The cells in a sample of the fluid were counted, and if 
large numbers were present, 2 ml. of fresh 11 complete 11 medium were added. 
Two tubes containing cover slips then received 2 ml. each of this suspen-
sion. When a poor yield of cells was obtained from a mouse, the entire 
peritoneal harvest was delivered to one tube only. Because the fluid 
was acidic when removed from the peritoneal cavity, the pH of all cultures 
was readjusted to 7.2 with 0.75% NaHGo3• They were then incubated at 37°0. 
in a slanted position for at least 30 minutes. After this time, fresh 
"complete" medium without heparin was added to all tubes, and the cells 
were then infected with the appropriate organisms. 
VII. Infection of Cells in Cultures 
Overnight cultures (13 to 16 hours) of 2· typhosa in trypticase 
soy broth were found to contain approximately 1 x 109 organisms per ml. 
Similar cultures of 2· typhimurium contained 3 x 109 organisms per ml. 
Appropriate dilutions of an overnight bacterial culture were made in 
trypticase soy broth or sterile 0.85% NaCl solution for introduction into 
cell cultures. Inocula usually consisted of either 0.1 ml. of a 1:10 
dilution per cell culture or 0.1 ml. of a lo4 dilution. Before the tubes 
were inoculated, the cover slip was lifted above the level of the culture 
medium so that the organisms would be uniformly distributed throughout 
the fluid. One series of experiments was conducted over a period of 
about five hours. In these it was necessary to use streptomycin in the 
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fluid medium in order to prevent extracellular growth of the organisms. 
A second series of experiments covered only a short space of time, and 
no antibiotic was added to the medium. 
Cultures used in experiments employing antibiotic were treated 
in the following manner. The tubes containing macrophages were inoculated 
with bacteria, and incubated at 37°0. for 60 to 90 minutes. At the end 
of this time, the fluid medium was removed from all cultures, pooled 
and placed in ice-water until a bacterial count could be performed on it. 
Tubes which had received a large bacterial inoculum were then rinsed three 
times with Hanks solution-H)% horse serum. Tubes receiving a small 
inoculum were rinsed only once. Two of the cultures subsequently re-
ceived 2 ml. each of distilled water and were placed in ice-water until 
a bacterial count could be made. Two ml. of fresh, complete medium 
containing 5 ug./ml. of streptomycin were delivered to the remainder of 
the tubes. A standard loopful (3 mm. diameter) of the fluid from each 
culture was plated on meat extract (ME) agar (0.5% NaCl, 0.3% beef 
extract, 2% agar) to detect the presence of extracellular organisms. The 
tubes were reincubated at 370C. 
At appropriate intervals, duplicate cell cultures were removed 
from the incubator and a loopful of the culture medium was again streaked 
on ME agar. The culture fluid was discarded, and the cover slips were 
placed upright inside one half of a Petri dish to dry. With the exception 
of the first set of tubes which had been rinsed with Hanks solution--10% 
horse serum, each tube was rinsed once with sterile 0.85% NaCl solution. 
Two ml. of sterile distilled water were then added to lyse the macrophages 
and the tube kept in ice-water until a bacterial count could be made. 
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In the second series of experiments, all cultures were inoculated 
with 0.1 ml. of a 1:10 dilution of the appropriate organism and incubated 
at 37°C. At various intervals ranging from 0 to 135 minutes, duplicate 
cultures were taken from the incubator, the fluid medium was removed 
and the tubes were rinsed with Hanks solution--10% horse serum. The 
cover slips were then placed in a Petri dish to dry, and 2 ml. of sterile 
distilled water were added to each as in the previous series. 
VIII. Enumeration of Phagocytized Organisms 
A. Plate counts. A bacterial count was performed on all of the 
tubes of both series by vigorously pipetting the distilled water over the 
inner surface of the tubes to disrupt the cells and release the organisms. 
Appropriate dilutions were then made in sterile distilled water and 0.1 
ml. of each was spread over the surface of a ME agar plate. After over-
night incubation, the plates which contained between 30 and 300 colonies 
were selected for counting. With the aid of a Quebec colony counter, 
counts were made, from which the number of organisms contained in each 
tube was calculated. 
B. Cover Slip Method. The cover slips removed from each tube 
were dried and fixed for 10 seconds in chloroform. They were then 
stained for 90 seconds with toluidin blue, followed by brief decoloriza-
tion in a weak HCl solution (ca. 0.04%). The toluidin blue stain had 










After decolorization, the slides were rinsed with tap water and 
examined briefly under the microscope to check on the staining intensity. 
Finally, they were permanently mounted on glass slides (1 in. X 3 in.) 
with HSR mounting fluid (Howe and French, :Boston, Massachusetts). 
Cell nuclei and bacteria stained deeply with toluidin blue. 
The cell cytoplasm stained only 'lightly (Figure 1). This facilitated 
the counting of intracellular organisms. A count of intracellular 
bacteria on each cover slip was made by counting 10 cells at random in 
each of 5 areas, i.e.\~ x ;1. It was often necessary to include more than 
one oil immersion field in the same area to obtain a total of 10 cells. 
When more than the number of cells required was present in the microscopic 
field, no systematic method was used to choose the cells counted. The 
exact bias introduced by this is uncertain. The cells were classified 
according to numbers of intracellular bacteria ranging from none to 25. 
Cells with more than 25 were classified together. 
IX. Calculation of V:ia ble Organisms 
In the second series of experiments, those without strepto~cin, 
the percentage of phagocytized organisms which remained viable at each 
time interval was determined in the following way. The plate count 
obtained from each set of duplicate tubes was averaged. From this figure 
and the number of macrophage& present in the original inoculum, the 
number of live organisms per 100 cells at each period of time was calculated. 
The number of organisms visible in 100 cells on the corresponding cover 
slip was then counted, and a comparison made with the calculated number. 
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Since it is assumed that both live and dead organisms are seen on the 
cover slips, the difference between the number of viable organisms 
calculated and those counted in stained preparations represents the 
minimum number of organisms which had been killed in the cells. In 
order to obtain the number of bacteria in 100 cells, the total count 
on two duplicate cover slips was added. A comparison was made between 
the range of numbers of intracellular bacteria at each of the 5 areas 
on the same and duplicate cover slips. The following chart demonstrates 
that the variability of both was similar, and therefore it was correct 
to average them. 
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I. Observations onMacrophages in Peritoneal Harvests and in Cultures 
The peritoneal exudate harvested from mice by the injection of 
glycogen or acetone-dried ~. typhosa organisms contained a variety of 
leukocytes including maarophages, lymphocytes and granular leukocytes. 
Macrophages, however, were the predominant cell type, constituting 
more than 50 per cent of the exudate. They may be recognized in stained 
preparations by their characteristic deeply stained nuclei and large size. 
Approximately 1 X 106 to 5 X 106 leukocytes were recovered from each 
mouse, and 1.5 X 106 to 2.0X 106 cells were delivered to each tube. 
It was found that similar numbers of cells could be obtained from 
unstimulated mice if they were slightly larger in size, i.e., 25 g. 
instead of 20 g. The macrophages attached themselves to the sides of 
the tubes within a period of 30 minutes. At this time, they still main-
tained their rounded appearance. Other leukocytes did not adhere to the 
glass, and presumably did not survive the overnight incubation period. 
At the time of use, most cultures prepared by method I were from 18 to 20 
hours old. By this time, when observed microscopically through the sides 
of the tubes, many cells had assumed stellate or spindle-shaped forms; 
but some were still rounded or ameboid in shape. Some cells were observed 
to have brownish-red inclusions which probably represented ingested red 
cells. These inclusions could also be seen in stained preparations. 
If the cells were not infected at this time, but were allowed 
to remain in the culture with daily changes of medium, they became even 
more stellate with very long, thin processes. After two or three days, 
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the number of cells decreased and a large amount of granular material 
appeared in the remaining ones. The cells containing this granular sub-
stance became rounded and disappeared. After six days, few cells remained 
in good condition. 
From these observations it appeared that the cultures remained 
in good condition for at least 48 hours. To be certain that the cells 
used in the cultures were reasonably normal, however, they were always 
used within 24 hours. The absence of mitotic figures indicated that no 
cellular multiplication had occurred in the cultures. 
II. Release of Intracellular Organisms fromMacrophages 
In order to determine the best method for disrupting macrophages 
and obtaining accurate counts of intracellular bacteria, several methods 
were investigated. These included: (1) simply rinsing the inner wall 
of the tubes with distilled water; (2) vigorously pipetting distilled 
water over the sides of the tubes numerous times (21); (3) freezing 
and thawing the contents of the tube three times after performing 
procedure 2; (4) using saponin (J. T. Baker Co., Phillipsburg, New 
Jersey) to lyse the cells instead of distilled water (17); (5) pushing 
the cover slip from each tube vigorously over the surface of an agar 
plate (24). 
Of the first three methods tried, procedure 2 was found to give 
the highest yield of bacterial cells. Less than 50 per cent of the 
organisms was released by just rinsing the tubes with distilled water; 
and freezing and thawing apparently caused disruption of the organisms 
because their number decreased sharply after this treatment. 
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The number of bacteria released by 2 and 5 per cent solutions of 
saponin did not vary sufficiently from the number released by distilled 
water to warrant its use. For example, 114,000 Ty2 organisms were re-
leased from cells by distilled water as compared with 120,000 released 
by a 2 per cent solution of saponin and 184,000 by a 5 per cent saponin 
solution. 
Pushing cover slips over the surface of an agar plate released 
a number of organisms whose plate count correlated approximately with 
counts performed on the cultures from corresponding tubes. However, 
there were often too many colonies present on the plate to make an 
accurate count. Also, with this method, it was difficult to ensure an 
even distribution of the organisms over the surface of the plates. 
Because of this, it is probable that many organisms contained in one cell 
could have grown to form only one colony. In view of the above findings, 
vigorous pipetting of distilled water over the sides of the tubes was 
chosen as the method of cell disruption. 
III. Results of Preliminary Infection Experiments 
A. Studies with §.. typhosa 
1. Infection of cells from non-immune mice with Ty2 
Macrophage cultures prepared from unimmunized 
mice which had been previously stimulated with glycogen were infected 
with approximately 10 X 106 Ty2 organisms. In addition to the bacterial 
inoculum, one-half the cultures received 0.1 ml. of a 1:5 dilution of 
rabbit serum #44. All cultures were then treated as indicated previously. 
Experiment 53-54 of Table I illustrates a set of typical results. The 
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TABLE I 
Effect of Antibody on the Fate of Salmonella typhosa in Cultures of Macrophages from Non-immune and 
Immune Mice 
Expt. No. Strain of Cell Antibody Stimulus Time 
§.. tzEhosa Type 90 min. 1 hour* 3 hours 
53-54** Ty2 Normal 
-
Glycogen 9,700 5,400 9,600 
+ 912,500 742,500 945,000 
57-59 Ty2 Immune 
-
Glycogen 8,775 4,800 7,700 
-1- 311,000 299,750 317,500 
55 Ty2 Normal 
-
10 ug. Ty2 28,400 30,000 37,000 
-1- 835,000 570,000 455,000 
60..61 Ty2 Immune 
-
10 ug. Ty2 36,550 23,675 27,400 
-1- 510,000 545,000 508,500 
85 0..901 Normal 
-
Glycogen 519,000 109,000 198,000 
-1- 671,500 399,500 389,500 
66 0..901 Immune 
-
Glycogen 112,000 55,000 46,000 
-1- 440,000 147,000 160,500 
62 Ty2 Normal 
-
Glycogen 17,650 13,150 24,800 
-1- 500,000 258,000 247,000 
67 Ty2 Immune 
-
Glycogen 40,600 15,600 42,000 
-1- 530,000 495,000 685,000 
* Represents 1 hour after washing and addition of new complete medium containing streptomycin 
** Experiments with double numbers indicate average of 4 tubes from 2 experiments 





















numbers represent the mean count from four tubes in two experiments. From 
the data it is evident that few typhoid organisms were phagocytized unless 
antibody was present in the cultures. This increase in phagocytosis, 
approximately 100 times in this case, was observed in all similar experiments. 
It also appears that after the initial period of phagocytosis there was no 
significant change in the number of intracellular organisms during the 
next five hours regardless of whether antibody was present in the cultures 
or not. 
2. Infection with Ty2 of cells from immune mice 
A similar experiment was performed using cells from 
mice which had been immunized with acetone-dried Ty2 organisms (Table I, 
experiment 57-59). The Vi antibody titer of pooled serum obtained from 
immunized mice in each experiment was at least 512. No 0 antibody was 
detectable in any of these sera. The supernatant fluid recovered from 
the third wash of cells harvested from these mice was consistently negative 
when tested for Vi and 0 antibody. When the cultures were infected with 
Ty2, results similar to those obtained with cells from unimmunized mice 
were obtained, i.e., the number of intracellular organisms remained fairly 
constant during the five hour period. The addition of antibody, however, 
did not increase the number of bacteria phagocytized to the extent seen 
with unimmuni zed animals. 
3. Infection with Ty2 of cells obtained from non-immune 
and immune mice stimulated with 10 ug. Ty2 
In an effort to study the reaction of macrophages 
produced in response to a specific stimulus, cell cultures were prepared 
from "normaln and immunized mice which had received an "intraperitoneal" 
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injection of 10 ug. of Ty2 five days previously. Experiments 55 and 60-61 
of Table I illustrate the type of result obtained. The values are of the 
same magnitude as before with little change occurring during the course 
of the experiments. 
4. Infection with 0-901 of cells obtained from non-immune 
and immune mice 
The action of mouse macrophages on an avirulent strain 
of 2· typhosa was investigated in a manner similar to that used with Ty2. 
Cell cultures prepared from 11 normal11 and immune mice which had been previously 
stimulated with glycogen were infected with£§. lOX 106 0-901 organisms. 
This strain of 2. typhosa does not produce the Vi antigen. In this instance, 
as may be seen in experiments 85 and 66 of Table I, large numbers of bacteria 
were phagocytized by the cells even when no antibody was present. The addi-
tion of antibody appeared to have little or no effect on the amount of phago-
cytosis. Some decrease in the number of organisms took place one hour after 
washing, followed by a slight increase after five hours. 
5. Infection with Ty2 of cells obtained from non-immune and 
immune mice in the presence of complement 
In order to determine whether or not complement was 
involved in the results of these studies, cultures were prepared with cells 
from 11 normal11 and immune mice and infected with Ty2 in the presence and absence 
of antibody. Guinea pig serum was used as the source of complement. The 
results, as seen in Table I, experiments 62 and 67, are not different from 
those obtained in the experiments when no complement was used. 
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6. Percentage of viable organisms 
In order to relate the experimental values listed in 
Table I to each other, the percentage of viable organisms at each time 
interval was calculated. The intracellular count at 90 minutes was taken 
as the zero value (21). Figures 2 through 5 show that most values fall 
within a~ 50 per cent range. This difference was believed to lie well 
within the limits of experimental error (53), and confirmed the impression 
obtained from the data that little change in the numbers of viable organisms 
occurred during the experimental period. 
B. Studies with §.. typhimurium 
The above results do not correspond to those obtained by other 
investigators (21, 30) using §.. typhimurium (Tm) instead of §.. typhosa. An 
attempt was made, therefore, to determine the fate of §.. typhimurium in the 
cell culture system described above. 
1. Infection of cell cultures with large inocula 
Macrophage cultures which had been incubated overnight 
were infected with either §.. typhosa, strain Ty2, or§.. typhimurium, strain 37, 
and treated in a manner identical to that used with §.. typhosa. The :results 
are illustrated in Table II. 
It was found that large numbers of §.. typhimurium., as compared to 
§.. typhosa, were phagocytized by the cells in the absence of antibody.* Also, 
* The batch of horse serum used in these experiments was found to agglutinate 
strain C5 of §.. typhimurium to a titer of 1:8. The dilution of serum used 
in the culture medium was 1:5; nevertheless, it was felt that this would 
not affect experimental results. However, in order to determine whether 
or not the amount of phagocytosis was affected, a set of cell cultures 
which contained normal rabbit serum in place of horse serum was allowed 
to phagocytize §.. typhimurium. The rabbit serum contained no agglutinins 
for this organism. The number of bacilli ingested by the cells in the 
presence of rabbit serum was entirely comparable to those ingested when 
the cultures contained horse serum. 
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it may be seen that the counts obtained from the cultures containing Ty2 
were similar to those obtained in the previous experiments. Oul tures con-
taining Tm, however, showed a large increase in bacterial growth between 
three and five hours. 
TABLE II 
Fate of Salmonella typhosa and Salmonella typhimurium in Cultures of 11 Normal11 
Macrophages Inoculated with Large Numbers of Organisms 
Organism Inoculum Time 
90 min. 1 hour 3 hours 5 hours 
Tm-37 14.8 X 106 450,000 303,500 440,000 2.3 X 106 
Ty2 11.5 X 106 4,750 1,800 2,400 5,600 
2. Infection of cell cultures with small inocula 
Since the above results were obtained with a large 
inoculum of §. typhimurium, the experiment was repeated with a small inoculum 
in order to compare better the results with the work of others (21, 30). 
Overnight cell cultures were infected with either strain 37 (virulent) or 
strain OH (avirulent) of §. typhimurium. The results are presented in Table 
III. Each figure represents the average value of four counts performed on 
two tubes each in duplicate experiments. The inoculum of each strain was 
similar, ranging from 3.4 X lo4 to 3.7 X ICf. 
As shown in Table III, an increase in the number of viable intra-
cellular organisms was again observed with strain 37. However, in view of 
the literature, the large increase in the number of avirulent organisms, 
strain OH, was surprising. 
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TABLE III 
Fate of Virulent and Avirulent Strains of Salmonella typhimurium in Cultures 















In an effort to obtain results consistent with the work of others, 
i,e., killing of the avirulent organisms in contrast to intracellular growth 
of the virulent bacteria, several different variations of the experiment 
were employed, These included: (1) use of CF #1 and Charles River mice 
in place of Harvard mice; (2) use of §.. typhimurium, strains M206 and C5 
in place of strains OH and 37; (3) use of freshly prepared, rather than 
overnight macrophage cultures {method II); (4) making intracellular bacterial 
counts at shorter time intervals. The results of these can be found in Table 
IV. The virulence of the various strains of organisms for mice was also 
determined (Table V). 
As may be seen in Table IV, the Charles River and CF #1 strains of 
mice treated strains 37 and OH in an almost identical manner (Experiments 75 
and 81), In the first three hours, there was little change in the magnitude 
of the numbers of viable intracellular organisms. This is similar to the 
results obtained with Ty2. However, an increase in growth of these two 
strains of organism was observed after five hours. 
Bacteria of strains M206 and C5 were phagocytized poorly by moU8e 
macrophages. It was necessary, therefore, to use a larger inoculum of these 
organisms than of strains 37 and OH. Although there is some fluctuation in 
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TABLE IV 
Fate of Virulent and Avirulent Strains of Salmonella typhimurium in 11Normal11 Macrophages from 
Three Strains of Mice 
Expt. No. Mouse Strain Time 
Strain of 'I'm Inoculum 90 min. 1 hour 3 hours 5 hours 
a) Cells prepared by Method I 
75 Charles OH 33,000 725 110 190 3,030 
River 37 44,000 1,115 165 170 3,680 
81 CF #1 OH 19,750 890 520 335 2,615 
37 17,300 210 260 175 2,025 
80 Harvard M206 140,000 1,630 850 3,650 215 
C5 157,000 1,570 465 260 1,850 
60 min. 1 hour 3 hours 4 hours 
79 Harvard M206 152,500 1,180 2,495 1,005 14,750 
C5 175,000 795 1,100 685 76,000 
b) Cells prepared by Method II Time (minutes ) 
60 105 150 180 
71 Harvard OH 49,000 1,925 510 420 355 
37 26,000 785 170 215 350 
73 Harvard OH 55,000 1,120 375 195 340 





Virulence of Salmonella typhimurium for Three Strains of Mice 
Mouse Organism No. of No. of Dead Per Cent Mean Survival 
Strain Organisms Mice Mortality Time Limited 
to 21 D s 
Harvard 37 1.65 X 106 5/5 100 3.6 
1.65 X 1~ 5/5 100 6.4 
1.65 X 1 1/5 20 19.4 
1.65 X 1~ 1/5 20 18.4 
1.65 X 1 0/5 0 21 
16 OL2 0 21 
Harvard C5 1.9 X 1c:J+ 3/3 100 5.9 
1.9 X 1~ 3/3 100 5.9 
1. 9 X 10 2/3 67 12 
12 J.LJ. 100 7 
Harvard M206 6 0/3 0 21 8.1 X 105 8.1 X 1~ 0/3 0 21 
8.1 X 1 OLJ. 0 21 
CF #1 37 1.5 X 106 5/5 100 4.8 
1.5 X 1~ 5/5 100 8 
1.5 X 1 3/5 60 12.5 
1.5X 1oJ 3/5 60 16.2 
1.5 X 1o2 1/4 25 19.75 
15 1L4 22 17.75 
CF #1 OH 7 3/3 100 5.9 2.5 X 106 2.5 X 10
5 
2/3 67 16.5 
2.5 X 10 OLJ. 0 21 
Charles 37 4 0/3 0 21 4.4 X 103 River 4.4 X 1~ 2/3 67 14 
4.4 X 1 0/3* 0 21 
44 Oh* 0 21 
Charles OH 7 1/3 33 16.3 5.5 X 106 River 5.5 X 105 0/3 0 21 5.5 X 10 dLJ. 0 21 
* §. typhimurium was cultured from the spleens of four out of five of these 
mice at 21 days. 
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numbers in Experiment 80, the results show no important changes as compared 
with previous experiments. 
In Experiment 79, a shorter period of time was allowed for 
phagocytosis. With the exception of the final count at 4 hours, no extreme 
changes in the number of organisms occurred. 
The results of Experiments 71 and 73 were very similar. They 
are duplicate experiments except that a 1:5 dilution of§. typhimurium, 
strain OH, antiserum was added to the cultures of experiment 73 prior to 
inoculation with bacteria. The addition of antibody had no visible effect 
on phagocytosis. Except for a slight decrease in the number of organisms 
seen after the period of phagocytosis, little change was noticed in the 
counts during the remainder of the experiment. 
The tests for virulence of strains M206 and OH in mice showed 
that they were avirulent in the mice tested. Large numbers of organisms 
were not lethal for the animals. In comparison to strain C5, strain 37 
was less virulent for Harvard mice. A fairly large inoculum was necessary 
to produce 100 per cent mortality. This strain also proved to be relatively 
avirulent for Charles River mice which harbored the organisms in their 
spleens without any signs of illness. CF #1 mice were more susceptible to 
strain 37 than the other animals. 
In reviewing the results of the experiments performed with 
both §. typhosa and §. typhimurium, it first appeared that little informa-
tion had been gained from in vitro studies of interactions between bacteria 
and macrophages. This was substantiated by the inability to reproduce 
the results of other investigators in this field. Upon further consideration 
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of the method, however, it was decided to investigate two additional areas: 
(1) the effect, if any, of streptomycin on the cultures, and {2) the 
possibility that cellular reaction had occurred extremely rapidly, before 
the first viable count was made. These results are presented in the 
following sections. 
IV. Effect of Streptomycin on Cell Studies 
A. Choice of Streptomycin Concentration 
In these experiments, streptomycin was used to suppress 
extracellular bacterial growth. A preliminary study was made of cell-
free cultures to test the effectiveness of 2 and 5 ug. of streptomycin 
in cultures given from one through three washes after the 90 minute 
period of phagocytosis {Table VI). 
TABLE VI 
Inhibition of Salmonella typhosa by Streptomycin in Macrophage-free Cultures 
Tube No. No. of Washes 
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No. of Ty2 Colonies 
Time 
After Wash 
0 1 hr. 2 hr. 5 hr. 
200 300 200 300 
18 33 22 56 
27 91 76 89 
31 31 14 11 
8 6 0 2 
10 23 4 0 
95 34 4 8 
38 9 11 0 
7 1 3 0 
2 3 1 0 
28 26 1 0 
1 2 0 0 
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The cultures contained 2 ml. of "complete" medium and were inoculated with 
6 ~· 10 X 10 organisms. After 90 minutes at 37°0., the medium was removed 
and the tubes were rinsed the number of times indicated in the table. 
New complete medium containing the appropriate amount of streptomycin 
was then added. A loopful from each culture was streaked on a sectioned 
ME agar plate at intervals to determine the number of viable organisms 
present. 
Both 2 and 5 ug./ml. were found to control adequately bacterial 
growth in cell-free cultures after three washes. 5 ug./ml. was also 
fairly effective after one and two washes. However, if macrophages were 
present in the cultures, extracellular growth was never completely con-
trolled even when 5 ug./ml. of streptomycin was used after three washes. 
Because large amounts of antibiotic have been reported to kill intra-
cellular organisms (28), a higher concentration was not used. It was 
believed that rinsing the tubes before disrupting the cells was suffi-
cient to remove extracellular organisms which might alter the true intra-
cellular viable count. 
B. Effect of Streptomycin on Phagocytosis 
To determine whether or not streptomycin affected proper 
functioning of the macrophages, its effect on the ability of the cells 
to phagocytize bacteria was investigated. Approximately 10 X 106 Ty2 
organisms, and Ty2 antiserum were added to four cell cultures, two of 
which contained 5 ug./ml. of streptomycin in the fluid medium. At the 
end of a 90 minute incubation period, the cover slips were removed from 
the tubes, stained and examined. From these, the number of viable 
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intracellular organisms present in each culture was determined. Five 
times as many organisms were isolated from cells which had been allowed 
to phagocytize bacteria in the absence of streptomycin as from cells 
which had phagocytized in the presence of the antibiotic. In the 
former cultures, numerous organisms could be seen intracellularly on 
the corresponding cover slip preparations. In the latter cultures, 
however, no organisms were seen intracellularly in 50 cells examined 
at random on cover slip preparations. In a repetition of this experiment, 
four times as many viable organisms were obtained from cells in cultures 
without streptomycin as with streptomycin, although only twice as many 
organisms were counted intracellularly on the corresponding cover slipS. 
C. Effect of Streptomycin on Intracellular Organisms 
The results of an experiment in which either 2, 5, 
or 20 ug./ml. of streptomycin was used in the culture fluid following 
the period of phagocytosis are given in Table VII. The cultures were 
inoculated with 11.5 X 106 Ty2 organisms. Phagocytosis was allowed to 
take place in the presence of Ty2 antiserum. 
When 2 ug./ml. of streptomycin was present in the cultures, 
the number of extracellular bacteria increased greatly during the 5 hour 
incubation period as determined from plate counts made by streaking a 
loopful of the culture fluid on ME agar at intervals. Little or no 
increase in extracellular growth was observed when the cultures con-
tained 5 or 20 ug./ml. of streptomycin. 
~. 
TABLE VII 
Effect of Varying Concentrations of Streptomycin on the Viability of 
Salmonella typhosa, strain Ty2, in Cultures or 11 Normal11 Macrophages 
Time ug. or Streptomycin No. of Organisms/mi. 
(average or 2 tubes) 
90 minutes 0 421,500 
1 hour after wash 2 269,000 
5 145,000 
20 152,000 
5 hours after wash 2 1 X 106 
5 187,000 
20 225,000 
Except for the large increase in the number or intracellular 
organisms which occurred when 2 ug./ml. or streptomycin was present in 
the cultures, the results shown in Table VII are similar to those ob-
tained in the previous studies of this type outlined in Section III 
above. Because the numbers obtained from plate counts seemed to give 
little information concerning events occurring in the cultures, a dif-
ferent analysis or the results was attempted. The numbers obtained in 
this experiment were treated as described previously in calculation or 
viable organisms, and the results are shown in Table VIII. 
It appears that much intracellular bacterial killing occurred 
during the first 90 minutes or the experiment, the so-called period or 
phagocytosis. Also, during the 5 hour period after phagocytosis, a 
further decrease in the percentage or viable intracellular organisms 
took place in the presence of 5 and 20 ug./ml. of streptomycin. In 
cultures containing only 2 ug./ml. of streptomycin, however, the number 
or viable intracellular organisms was found to increase after five hours. 
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TABLE VIII 
Percentage of Intracellular Salmonella typhosa, strain Ty2, Remaining 
Viable in the Presence of Varying Concentrations of Streptomycin 
Time ug./ml. Intracellular Bacterial Count/100 Cells Percentage 
Streptomycin Calculated* Counted Viable 
90 min. 0 28 826 3.3 
1 hour 2 18 405 3.5 
5 9.3 1,029 0.9 
20 10 831 1.2 
5 hours 2 54 850 6.3 
5 13 784 1.7 
20 15 1,022 1.5 
* Viable count (Table VII)/macrophage inoculum (1.5 X 106). 
D. Sensitivity to Streptomycin of Organisms Employed in the 
Experimental Work 
Varying concentrations of streptomycin had previously 
been investigated only in regard to their ability to suppress extra-
cellular bacterial growth during the experimental period. Therefore, 
tubes of trypticase soy broth containing either 0, 2, 5, 20 or 100 ug./ml. 
of streptomycin were inoculated with a loopful of an overnight culture 
of 2· typhosa, strain Ty2, and §. typhimurium, strains 37, OH, C5 and 
M206. The tubes were incubated at 37°C. and observed visually after 
5 and 24 hours. The results obtained are shown in Table JX. 
Apparently all of the organisms are completely sensitive to 
100 ug./ml. of the antibiotic and resistant to 2 ug./ml. With the ex-
ception of M206, all of them grow in 5 and 20 ug./ml. of streptomycin. 




Sensitivity to Streptomycin of Organisms Studied 
Turbidity Observed 
Time 
ug. of Streptom.ycin Organism 5 hours 24 hours 
0 Ty2, 37, OH Moderate Heavy 
C5, M206 
2 Ty2, 37, OH Moderate Heavy 
C5, M206 
5 Ty2, 37,0H Slight Heavy 
C5, M206 
20 Ty2, 37, OH, C5 None Heavy 
M206 None None 
100 Ty2, 37, OH None None 
C5, M206 
V. Intracellular Killing of Bacteria by Macrophages 
The results illustrated in Table VIII indicated that much 
activity occurred in the cells before the first intracellular bacterial 
count was made. Some of the preliminary studies in which cells obtained 
from normal and immune mice were infected with §. typhosa were, therefore, 
repeated, but intracellular counts were made at shorter time intervals. 
A. Infection with Ty2 of Cells from Normal and Immune Mice 
At this time, the Harvard strain of mice was no longer 
available. Therefore, the following studies were conducted with Charles 
River mice. Also, the supply of rabbit antiserum #44 was depleted, and 
antiserum #115 was used in its place. The experiments were revised so 
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that the macrophage cultures were removed for counting at 30 and 60, or 
45 minutes, 90 minutes, and 135 minutes. At no time was antibiotic added 
to the medium. 
1. Bactericidal power of cells 
The results of a typical experiments are 
presented in Table X. 8.4 X 106 Ty2 organisms were inoculated into each 
tube. Cultures prepared from immune animals contained 2 X 106 macrophages, 
and those prepared from normal animals contained 1.7 X 106 cells. 
It may be seen that cells from both normal and immune animals 
were very efficient in destroying intracellular organisms. In most 
instances, about 90 per cent of the ingested bacteria were killed within 
90 minutes. This was also found to be true in two similar experiments 
(Table XI). 
The values obtained at 90 minutes in the preliminary infection 
studies (Table I, Experiments 53-54, 57-59) correspond to those obtained 
in these experiments. In both cases, no antibiotic was present in the 
cultures. An analysis of both experiments (Table XII) gave results 
similar to those found for 90 minutes in Table X I. 
Although there is some fluctuation between experiments, the 
tendency is always towards a decreasing number of organisms with time. 
Except in experiment #92 where the cells in tubes containing antibody 
were more efficient in killing than those without antibody, there is no 




30 1.2 X 104 
60 1.1 x lo4 
90 1.3 X lo4 
135 8.6 x lo4 
30 2.2 X 105 
60 2.1 X 10~ 
90 1.1 X 106 135 1.4 X 10 
TABLE X 
Bactericidal Power of Macrophages Obtained from Normal and Immune Mice 
Bacterial Count/100 Per cent Time Viable Bacterial Count/100 
Normal Cells ; · · ·Viable (~n~). ·count . _IJ!lrnWl~ ·, Oel~ 
Calcd. cf>unt¢ O§'l.cd;.. ~ .. . Counted 
No AntibodY Present 
0.7 8 8.8 30 7.5 x 1ri+ 3.7 7 
0.6 7 8.5 60 5.9 x 1d+ 2.9 20 
0.7 13 5.4 90 5.5 x 1<1 2.7 40 
5.1 118 4.3 135 1. 7 X 10 8.5 247 
Antibodi Present 
13.0 453 2.9 30 5 6.0 6 1.2 X 105 12.0 454 2.6 60 1. 7 X 10 8.5 158 
65.0 491 13.2 90 5.3 X 10~ 26.5 249 
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Bactericidal ~ower of Macrophages Obtained from Immune and Non-Immune 
Harvard Mice 
Viable Bacterial Count/100 Cells Per cent 
Count Calculated Counted Viable 
11 Normal11 cells 
9.7 X 1~ No antibody 0.6 27 1.8 
Antibody 9.1 X 10 54.3 1159 4.7 
"Immune11cells 
8. 7 X 1o; No antibody 0.7 45 1.5 
Antibody 3.0 X 10 23.5 1201 2.0 
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2. Bactericidal rate or macrophages 
An indication or the rapidity with which the 
macrophages were able to exert their bactericidal effect was obtained 
by inoculating cell cultures with organisms and removing tubes for 
counting immediately and at intervals from 10 to 135 minutes. The action 
of cells on Ty2 in the presence or antibody and on strains C5 and M206 
or §. typhimurium was investigated {Table XIII and Figure 6). 
TABLE XIII 
Rate of Killing of Salmonellae by Normal Macrophages 
Organism T;l2 C2 M206 
Cell inoculum 1.3 X 106 1.1 X 106 2.0 X 106 
Bacterial inoculum 8.7 X 106 21.0 X 106 7.6 X 106 
Time (min.) Per cent viable organisms 
0 100 33 17.9 
10 100 33 22.2 
20 25 8.3 11.1 
30 10 10.5 8.7 
60 11 6.7 3.6 
90 0.31 2.2 2.9 
135 0.21 1.7 1.7 
Both C5 and M206 were treated in similar manner by the macro-
phages. Large numbers or organisms were apparently destroyed immediately 
upon ingestion. The initial lag in the killing of Ty2 may have been due 
to protection or the organisms by the antibody. After 30 minutes, however, 
the rate or killing or Ty2 is similar to that or the other organisms. 
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3. Observations on phagocytosis 
Because intracellular killing occurred so 
rapidly, it was believed that comparison of viable counts at any time 
interval after inoculation was not a good measure of phagocytosis. 
However, since all bacteria phagocytized were observable in macrophages 
on stained cover slip preparations, the numbers obtained by counting 
intracellular organisms were compared (Table XIV). 
TABLE XIV 
Phagocytosis of Salmonella typhosa, strain Ty2 by Macrophages from Normal 
and Immune Mice in the Presence and Absence of Antibody 
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Ratio = ~ antibody/- antibody (ab) 11 ]mnunen /Normal 
- ab .f: ab 
Normal/" I.mmunen 
- ab ..J- ab Time Normal cells nrmmune•• cells 
Experiment 91 
45 min. 1/30 1/12.7 1 0.42 1 2.4 
90 min. 1/12 i/0.66 7.3 0.4 0.14 2.5 
135 min. 1/6.4 1/2.9 1.3 0.6 0.78 1.7 
Experiment 92 
45 min. 0/159 0/30 0.19 5.3 
90 min. 1/118 i/37.3 2.5 0.79 0.4 1.3 
135 min. i/41.7 1/33 1.3 0.93 0.78 1.1 
As seen in the preliminary experiments, in some cases, the addi-
tion of antibody increased the number of organisms phagocytized more than 
100 times. This difference, however, tended to diminish with time, perhaps 
due to early saturation with bacteria of the cells in cultures which con-
tained antibody. This is in contrast to continued phagocytosis by cells 
in the absence of antibody. 
Comparison of phagocytosis between normal and 11 immune" cells 
indicated that the latter exhibited a slightly greater phagocytic ability 
in the absence of antibody. When antibody was added, however, the 
normal cells appeared to have an advantage. Because of the slight dif-




A method by which phagocytic cells may be isolated from other 
cells of the body and maintained in a tissue culture environment is 
seemingly ideal for studying their contribution to natural and acquired 
11 cellular11 immunity. The rapidly expanding amount of 1i terature on 
the subject gives proof that this is a current, popular belief. However, 
it is becoming increasingly evident that the variables involved in such 
studies are innumerable and that care must be used in manipulating and 
interpreting the data obtained. 
Several examples of the confusion which may arise is seen in 
the theories evolved by different workers on the basis of their investi-
gations. Thus, in reviewing studies performed with Mycobacterium 
tuberculosis, one is confronted with diverse ideas regarding the mechanism 
of immunity against this organism, i,e., 11 immune11 cells have increased 
ability to phagocytize this organism (35); 11immune 11 cells have no in-
creased ability to phagocytize this organism (62); 11 immune11 cells 
restrict the intracellular growth of tubercle bacilli independently of 
serum factors {62); "immune" cells restrict the intracellular growth 
of tubercle bacilli only in conjunction with serum factors (19); or 
11 immune11 cells have no ability to restrict intracellular growth of 
tubercle bacilli as compared to normal cells (37). 
A similar situation exists in studies performed with enteric 
organisms. It is uncertain whether avirulent organisms are phagocytized 
in greater numbers than virulent organisms, or whether either group is 
phagocytized to any great extent in the absence of antiserum. Cells 
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obtained from animals immunized against 2· typhimurium were found to 
behave exactly as normal cells towards virulent strains of this organism 
(24). On the other hand, it has been reported (47) that 11 immune11 cells 
are able to inhibit growth of virulent 2· enteriditis. Since both these 
studies were performed with animals for which the organisms are natural 
pathogens, one would expect a similar type of immunity to exist. 
Yet, even when the results of different investigators are in 
agreement, it is often difficult to determine why. For example, a com-
parison of the results obtained by Furness (21) and Jenkin and Benacerraf 
(30) shows that, although they disagree on the extent of phagocytosis of 
§. typhimurium organisms, both indicate that virulent bacilli are able 
to multiply in mouse macrophages following an initial period when many 
of the organisms are killed by the cells. If, however, one examines the 
time interval at which bacterial counts were performed, and the figures 
on which calculations were based, large discrepancies between the two 
investigations may be found. Furness performed his first count of 
viable intracellular organisms at 90 minutes and assumed that this repre-
sented the total number of organisms phagocytized. Thereafter, he calcu-
lated viable counts performed at subsequent intervals as a percentage of 
the first value. In this way, after three hours, he obtained a 20 to 
50 per cent decrease in the number of viable intracellular organisms, 
but after six hours, an increase to near the original 100 per cent value 
occurred. He interpreted this data to mean that a large number of 
organisms was killed by the cells during the first three hours after the 
90 minute phagocytosis period, and that those organisms which survived 
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multiplied extensively during the next three to six hours. 
In contrast, Jenkin and Benacerraf calculated the number of 
organisms phagocytized after 60 minutes as the difference between the 
number of organisms counted in the supernatant of cell cultures, and 
control cultures without cells which had been inoculated with organisms. 
A comparison of this value with the number of viable intracellular orga-
nisms counted at each time interval yielded the percentage of organisms 
killed. They found that most of the killing occurred during the first 
60 minutes; and that by 90 minutes, at the time when Furness made his 
initial count, the surviving virulent organisms had begun to increase 
again. By the end of this experiment, at three hours, the number of 
virulent organisms had increased to their original 60 minute value and 
presumably continued to increase after this time. Yet, during a similar 
three hour interval, Furness calculated his lowest percentage of viable 
organisms. 
It is not a simple matter to account for these discrepancies, 
for the variables involved in such experiments include the animals employed, 
the cell culture medium, the organisms, the technic, and the investigator. 
A consideration of some of these factors may be useful in demonstrating 
why such confusion can exist. For example, most investigations have 
been confined to a study of the disease in an animal which is a natural 
or experimental host for the organism. Even in such cases, as shown by 
Furness (22), the treatment of bacteria by the host cells may differ in 
different animal species. Mouse and rat macrophages kill large numbers 
of virulent~. typhimurium organisms before the bacilli begin to multiply. 
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Guinea pig macrophages, however, have no bactericidal effect, and the 
bacteria begin intracellular multiplication at once. 
Shepard (58) found that the uptake of various bacteria by HeLa 
cells was dependent upon the species of animal from which he obtained 
the normal serum present in the culture fluid. HeLa. cells are not 
naturally phagocytic, but a similar situation may control the process 
of ingestion of organisms by macrophages. It is interesting to note 
that neither Whitby and Rowley (40), nor Jenkin and Benacerraf used 
normal serum in their fluid medium. Both groups of investigators found 
that antiserum was necessary for phagocytosis of their organisms. On 
the other hand, Furness (21) found that both virulent and avirulent 
bacteria were phagocytized to the same extent in his cultures which con-
tained normal calf serum, and Gelzer and Suter (24) noticed that the 
addition of antibody made no difference in the amount of phagocytosis 
occurring in their cultures in the presence of normal rabbit serum. 
During the course of the work reported here, horse serum was 
used as a nutrient substance in the cultures. It was found that the 
addition of specific antiserum was necessary for §. typhosa, strain Ty2 
organisms to be phagocytized by the cells. This, however, was not true 
of 2· typhimurium. Strain 0.901 differs from Ty2 only in not containing 
the capsular Vi antigen. Since specific antiserum hardly increased the 
number of 0.901 bacilli ingested by macrophages, it appears that this 
antigen was the main factor in preventing phagocytosis of strain Ty2. 
However, even if opsonic factors were present in normal sera, 
one would expect these to be enhanced by the addition of antiserum, for 
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Jenkin and Benacerraf (30) found that virulent organisms were never phago-
cytized so well when treated with normal mouse plasma as when treated 
with specific antiserum. As mentioned previously, Gelzer and Suter did 
not find this to be true, nor was it confirmed in this study for strain 
0.901 of §. typhosa, and §. typhimurium. 
The addition of horse serum to the culture medium was necessary 
for the cells to survive 24 hours or longer. The use of 18 hour cultures 
was found to be preferable to the use of freshly prepared cultures pri-
marily because of the mechanics of the experiment and the time factor 
involved. Also, incubating cultures overnight decreased the possibility 
of interference in the experiment by neutrophil leukocytes since these 
cells did not survive that time period. 
Experiments to determine the rate at which intracellular bacteria 
were killed indicated that the bactericidal activity of macrophages was 
exerted immediately. It is important, therefore, that any method of 
quantitating results make some provision for demonstrating this. Calcu-
lations based on the number of viable organisms released from the cells 
cannot account for those intracellular bacteria which already had been 
killed. Similarly, counts of stained intracellular organisms do not 
distinguish between live and dead organisms. Thus, the technic used in 
these studies by which a comparison was made between the number of viable 
organisms released from the cells and the number of bacilli seen in macro-
phages on stained cover slip preparations permits a better evaluation of 
the events which occur in infected cell cultures. 
Although digestion of brucella organisms by macrophages after 
phagocytosis has been reported (51), it is unlikely that this occurred to 
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any great extent during the 135 minute period of the experiments reported 
here. No evidence of bacterial digestion was seen in the macrophages. 
In any case, because the decrease in viable organisms was so pronounced, 
it does not seem possible that the experimental results could have been 
greatly altered even had some digestion occurred. It must also be 
remembered in quantitating results, that large statistical errors can 
exist in the plating and counting technic, so that small differences 
observed in behavior between cells may not necessarily be significant (53). 
One limitation of the technic involving counts of intracellular 
organisms on cover slips is that a large bacterial inoculum must be 
used. If a small inoculum is employed, the chance of finding organisms 
in cells is greatly decreased. Bloch (6) has reported that the number 
of tubercle bacilli introduced into cultures of HeLa cells determined 
the outcome of the infection. Thus, when the bacteria in the inoculum 
were much greater in number than the cells, the organisms destroyed the 
macrophages in a short time. The reverse was true when a small number 
of bacteria was placed in the cultures, for the organisms soon disappeared. 
However, if approximately equal numbers of organisms and cells were ex-
posed to each other, a state of 11 peaceful coexistance11 was instituted in 
which the number of both remained relatively constant. The size of the 
inoculum, therefore, may be another factor determining the outcome of 
cell infection studies. Preliminary experiments performed with 2· ~­
murium using large and small inocula indicated that in both cases, the 
results were the same, i.e., after 5 hours, there was an increase in the 
number of organisms. 
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It has been postulated that streptomycin penetrates cell mem-
branes either not at all or only in minute amounts (63). Mackaness (36) 
found that higher concentrations of this antibiotic were necessary to 
kill tubercle bacilli in phagocytes than in the extracellular fluid medium. 
Pomales-Lebron and Stinebring (51) reported that 10 ug./ml. of strepto-
mycin had no noticeable effect on guinea pig macrophages or intracellular 
brucellae. A similar amount of this antibiotic was used by Holland and 
Pickett (27) in their cell culture studies. 
More recently, however, Jenkin and Benacerraf (30) found that 
at certain critical concentrations of streptomycin, there was a sudden 
large drop in numbers of viable intracellular 2· typhimurium organisms. 
This they attributed to damage of macrophages by the organisms with sub-
sequent entrance of antibiotic into the cells. Since most of their experi-
ments were conducted for short periods of time, they chose to omit strepto-
mycin. Hopps et al. (28) found that both intra- and extracellular growth 
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of ~. typhosa in the L strain of mouse fibroblasts was inhibited by 20 ug./ml. 
of streptomycin. The results of the work reported here indicate that 
streptomycin gains entrance to the cells and has some effect on the out-
come of cell culture studies. Less phagocytosis occurred in cultures in 
the presence of this antibiotic, and differences in the percentage of 
viable ~. typhosa organisms were noticed after one and five hours in 
cultures containing 2, 5 or 20 ug./ml. of streptomycin. Whereas,after 
s 1 
five hour there was an increase in number of organisms in the presence of 
~ 
2 ug./ml. of antibiotic, in the presence of 5 and 20 ug./ml, there was a 
decrease. 
The exact mechanism of action of streptomycin is not known 
although interference with some enzymatic activity of the bacteria is 
generally assumed. Whether the action of the drug is bacteriostatic 
or bactericidal depends on many factors including the number of bacteria 
present, the concentration of antibiotic, and the length of time the two 
are in contact. 
In preliminary experiments, 5 ug./ml. of streptomycin were 
added to all cultures after the first 90 minutes. With §. typhosa, during 
a five hour period, little change in the numbers of viable intracellular 
organisms occurred. When §. typhimurium was used, however, there was an 
increase in the number of viable organisms present in the cells after 
five hours. If the results obtained in experiments performed with 
varying concentrations of streptomycin, and those concerning the bacteri-
cidal properties of macrophages are considered, an explanation for the 
above results may be postulated. The 90-minute count represented the 
number of organisms surviving the initial bactericidal effort of the 
macrophages. After this time, however, growth of the bacteria was inhibited 
by the antibiotic for an interval of about five hours. At the end of this 
same time period, the streptomycin sensitivity tests showed an increase 
in the number of bacteria. Whether this multiplication was because of 
the development of resistant organisms or adaptation to alternate meta-
bolic pathways was not determined. The increase in numbers of 2· typhi-
murium may have been more evident than in the case of §. typhosa because 
the former organism was found to have a shorter generation time in experi-
ments not presented in detail here. 
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It thus appears that the presence of antibiotic introduces 
further complications in cell culture studies, and it would seem prefer-
able to omit it from such experiments. This, however, severely limits 
the duration of such studies because extracellular growth occurs rapidly 
in most cases, and interferes with the interpretation of results. A 
method of continuous flow of culture medium over cells was devised by 
Baker {2). Perhaps a method such as this could serve as an alternate 
means of removing extracellular bacteria. 
The results of experiments carried out for short periods of 
time in the absence of strepto~cin indicate that macrophages from normal 
animals have great ability to kill phagocytized salmonellae. This was 
also found to be true by other investigators {21, 30, 64), but whether 
this effect is caused by a bactericidal substance such as the phagocytin 
found in neutrophil leukocytes {26) has not been widely investigated. 
The bactericidal ability seems to be independent of the virulence and 
species of the organism phagocytized, for §. typhosa, and virulent and 
avirulent strains of §. typhimurium were killed at a similar rate by the 
macrophages. §. typhosa does not produce a natural infection in mice. 
It may be that mouse macrophages treat §. typhosa as an avirulent organism. 
This also might explain why macrophages from immune animals were no more 
effective in their treatment of this organism than 11 normal" cells. Never-
theless, the presence of specific antibody was necessary for the Vi 
antigen-containing Ty2 strain to be phagocytized and made available to 
the killing action of these cells. 
In contrast to the work of Jenkin and Benacerraf {30), after 
the initial killing period, no increase in the number of virulent 
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§. typhimurium organisms was seen in this work. A possible explanation 
is that these experiments were not continued for such a long period of 
time as theirs. The experiments performed in the presence of strepto~cin, 
however, indicate that after five hours, both virulent and avirulent 
·salmonellae were able to multiply. Since the antibiotic seemed to de-
crease the phagocytic abilities of the cells, perhaps it also decreased 
their bactericidal properties for these organisms. 
Differences in the activity of macrophages from different 
strains of mice may be observed if one compares the intracellular counts 
of Ty2 in the Harvard and Charles River strains of mice. Two to three 
times as many organisms were found in macrophages obtained from Harvard 
mice as from Charles River mice, yet the former were still able to kill 
large numbers of the bacilli. Factors such as this may account for 
variations in the resistance of different strains of animals to the same 
infectious agent (25). 
The potentialities of a system in which such mechanisms of 
natural and immune resistance can be studied at a cellular level are 
without limit. However, unless the wealth of variables is controlled, 
and experiments of different investigators become more consistent, con-
fusion and contradiction will continue to be the rule. This study of 
cellular immunity to typhoid fever was limited because §. typhosa does 
not produce a natural infection in mice. Further progress in this area 
will necessitate the use of macrophages obtained from a higher primate 
or human source. These at the present time are not readily available. 
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Sl*ARY 
1. A method of maintaining mouse macrophages in tissue culture and of 
infecting them with salmonellae was devised. 
2. Use of this method demonstrated that macrophages obtained from normal 
mice have great ability to kill large numbers of Salmonella typhosa, and 
virulent and avirulent strains of Salmonella typhimurium immediately after 
ingestion of these bacteria. 
3. The Ty2 strain of §. typhosa which contains the Vi antigen requires 
the presence of specific antibody in the tissue culture medium to be 
phagocytized to any great extent. Once ingested, however, the macrophages 
kill it in a manner similar to that of the other salmonellae tested. 
4. Cells obtained from immunized mice behave like cells obtained from 
non-immunized mice with respect to phagocytosis and killing of §. typhosa, 
strain Ty2. 
5. Quantitation of the bactericidal rate of macrophages by comparison 
between the number of viable organisms released from the cells and the 
number of bacilli seen in macrophages on stained cover slip preparations 
is preferable to technics which employ only one or the other of these 
methods. It permits a better evaluation of the events which occur in 
infected cell cultures. 
6. In preliminary experiments, the presence of streptomycin was found 
to affect adversely the outcome of cell culture studies. It therefore 
seems preferable to omit this antibiotic from such studies. 
64. 
Figure 1.- Salmonella typhosa in mouse macrophages. Toluidin 



















Figure 2.- Fate of Salmonella typhosa, strain Ty2, in cultures of 
macrophages from non-immune and immune mice previously 
stimulated wi~r glycogen. 
----o~---- Cells from non-immune mice, no antibody present 
- - o- -o- - Cells from non-immune mice, antibody present 
-x-x- Cells from immune mice, no antibody present 
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Figure 3.- Fate of Salmonella typhosa, strain Ty2, in cultures of 
macrophages from non-immune and immune mice previously 
stimulated w~th 10 ug. Ty2. 
---o--o- Cells 
- -o- - o-- Cells 
--....x-x-- Cells 





non-immune mice, no antibody present 
non-immune mice, antibody present 
immune mice, no antibody present 








Figure 4.- Fate of Salmonella typhosa, strain 0-901, in cultures of 
macrophages from non-immune and immune mice previously 
stimulated with glycogen. 
---o---o--- Cells from non-immune mice, no antibody present 
- -o- -o- - Cells from non-immune mice, antibody present 
---x---x--- Cells from immune mice, no antibody present 






























Figure 5.- Fate of Salmonella typhosa, strain Ty2, in macrophage 
cultures containing complement. 
---o---o---- Cells from non-immune mice, no antibody present 
- -o- -o- - Cells from non-immune mice, antibody present 
---x---x---- Cells from immune mice, no antibody present 
























TIME... (MIN ·) 
Figure 6.- Rate of Kil~~ng of Salmonellae by Normal Macrophages 
----x----x--- Salmonella typhosa, strain Ty2 
-o--o-- Salmonella typhimurium, strain C5 
- - o- - o- - Salmonella typhimurium, strain M206 
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The investigation of the fate of bacteria which are normally 
intracellular parasites has interested workers for many years. or special 
interest have been the roles played by phagocytic cells and immune sera 
in the resistance of animals against infections produced by these orga-
nisms. The research whose results are presented here was undertaken to 
study the role of phagocytic cells (macrophages) in immunity to Salmonella 
typhosa. Experiments were performed with macrophages isolated from the 
peritoneal cavities of mice. Cultures of these cells were prepared, and 
infected with virulent and avirulent strains of §. typhosa and Salmonella 
typhimurium. Streptomycin was added to some cultures after the period of 
phagocytosis to prevent extracellular growth of the bacteria. The phago-
cytic and bactericidal abilities of the macrophages were determined by 
comparisons of viable counts of organisms released from the cells and 
the number of intracellular bacteria on stained cover slip preparations. 
It was found that few organisms of the virulent strain, Ty2, 
of §. typhosa were phagocytized unless antibody was present in the 
cultures. Specific antiserum increased the number of organisms ingested 
up to 100 times. In contrast, both virulent and avirulent strains of 
§. typhimurium were phagocytized readily in the absence of antibody. 
This difference was attributed to inhibition of phagocytosis by the 
capsular Vi antigen possessed by Ty2. Macrophages from normal and immune 
mice were very efficient in destroying intracellular organisms. In most 
instances, about 90 per cent of the ingested bacteria were killed within 
90 minutes. 
The great ability of macrophages from normal animals to kill 
phagocytized salmonellae confirms the work of other investigators 
(Furness, G., J. Infect. Dis., 103: 272-277, 1958; Whitby, J. L. and 
Rowley, D., Brit. J. EKper. Path.,~: 358-370, 1959; Jenkin C. and 
Benacerraf, B., J. Exper. Med., ll2: 403-417, 1960). Their bactericidal 
ability seems to be independent of the virulence and species of the 
organism phagocytized, for §. typhosa and virulent and avirulent strains 
of 2· typhimurium were killed at a similar rate by the macrophages. 
§. typhosa does not produce a natural infection in mice. It may be that 
mouse macrophages treat 2· typhosa as an avirulent organism. This also 
might explain why macrophages from immune animals were no more effective 
in their treatment of this organism than normal cells. Nevertheless, 
the presence of specific antibody was necessary for the Vi-antigen 
containing Ty2 strain to be phagocytized and thus be made available 
to the killing action of these cells. 
In contrast to the work of Jenkin and Benacerraf (Jenkin C. 
and Benacerraf, B., J. Exper. Med., 112: 403-417, 1960), after the initial 
killing period, no increase in the number of virulent §. typhimurium 
organisms was seen in this work. A possible explanation is that these 
experiments were not continued for such a long period of time as theirs. 
The duration of most experiments was confined to 135 minutes since, in 
these, no antibiotic was added to the medium to suppress extracellular 
2. 
growth. The entrance of streptomycin into cells with subsequent killing 
of intracellular bacteria has been suggested by others (Hopps, H. E., 
Showacre, J. L., and Smadel, J. E., Fed. Proc., 12: 244, 1960). Some 
evidence was obtained in this work which indicates that streptomycin 
gains entrance to cells and has an effect on the outcome of cell culture 
studies. It therefore would seem preferable to omit this antibiotic 
from such experiments. This, however, severely limits the duration of 
such studies because extracellular growth occurs rapidly in most cases, 
and interferes with the interpretation of results. 
This study of cellular immunity to typhoid fever was limited 
because g. typhosa does not produce a natural infection in mice. Further 
progress in this area will necessitate the use of macrophages obtained 
from a higher primate or human source. These, at the present time, 
are not readily available. 
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